ABSTRACT We have attempted to ascertain the proportion of the rat hepatic genome that is under the selective influence of thyroid hormones and to describe the response patterns of individual mRNA sequences in the transition between hypothyroidism and euthyroidism and between euthyroidism and hyperthyroidism. Poly(A)+RNA was extracted from livers of thyroidectomized, intact, euthyroid rats and of thyroidectomized rats rendered euthyroid and hyperthyroid with daily doses oftriiodothyronine. The extracted RNA was translated in a reticulocyte lysate system in the presence of [3S]methionine, and the products were analyzed by two-dimensional gel electrophoresis. Triiodothyronine attenuates as well as augments the expression of certain genes at a pretranslational level. This could represent either a direct or an indirect action ofthe hormone. Triiodothyronine influences approximately 8% of the 231 mRNA sequences visualized, stimulating activity in 11 and inhibiting activity in 7 sequences. Translational activity of at least one mRNA sequence decreased in both thyroidectomized and hyperthyroid animals, compared to euthyroid levels. The relationship of mRNA response to receptor occupancy varied with examples of linear and amplified responses and responses that were maximal at less than full nuclear occupancy. (4) have also shown that T3 inhibits the relative rate of synthesis of histidinase in the rat liver. In none of these studies was the mechanism of inhibition clarified.
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Thyroid hormones are generally believed to act by selective stimulation of gene transcription or pretranslational events (1) . Nevertheless, previous investigators have provided evidence that several enzymes decrease in response to thyroid hormone administration (2) . More recently, Ivarie et al. (3) demonstrated that triiodothyronine (T3) inhibits the relative rate of synthesis of certain proteins in GH3 cells, a cell line derived from rat pituitary tumor and maintained in tissue culture. Armstrong and Feigelson (4) have also shown that T3 inhibits the relative rate of synthesis of histidinase in the rat liver. In none of these studies was the mechanism of inhibition clarified.
Prompted by these observations, we undertook studies to determine whether such inhibition occurred at a posttranslational or at a pretranslational level. Both inhibitory and stimulatory effects of thyroid hormone on the genome were reflected in two-dimensional gel electrophoresis patterns of in vitro translational products of hepatic poly(A)+RNA obtained from rats ofdifferent thyroid status. These experiments allowed us to define 19 mRNA sequences under the selective influence of T3 and to document a broad spectrum of changes that occur in the transitions between the hypothyroid and euthyroid and the euthyroid and hyperthyroid states.
METHODS
Male Sprague-Dawley rats weighing 180 g, obtained from Taconic Farms (Germantown, NY), were surgically thyroidectomized by the supplier and given 100 ,Ci ( (7) .
Total cellular RNA was extracted from frozen (-800C) liver with phenol/chloroform at pH 9 as described (8) . Total cellular RNA samples were resuspended in water, heated to 680C for 2 min, and applied to oligo(dT)-cellulose columns for isolation of poly(A)+RNA (9) .
Rabbit reticulocyte lysate was prepared by the method of Evans and Lingrel (10) . The lysate was treated with micrococcal nuclease (P-L Biochemicals) at 30 ,ug/ml as described by Pelham and Jackson (11) . In vitro translational assays were performed as described (8) . The reaction mixtures were incubated for 90 min at 230C and centrifuged at 100,000 x g for 1 hr to remove ribosomes. Incorporation of [3S]methionine into protein was determined by 10% trichloroacetic acid precipitation of an aliquot of the translated products (12) . Samples of translated products containing an equal radioactivity (250,000-300,000 cpm) were then subjected to two-dimensional gel electrophoresis.
For two-dimensional gel electrophoresis, the method of O'Farrell (13) was used with minor modifications. A small aliquot of translated products (90-250 ,ug of reticulocyte lysate protein) was diluted in lysis buffer (9.5 M urea/5% mercaptoethanol/2% Nonidet P-40/2% Ampholines). The ratio of Am- pholines was 1% pH 3.5-10 and 1% pH 5-7. This Ampholine ratio empirically yielded a slightly broader range of proteins entering the isoelectric focusing gel with only a modest loss in resolution. Isoelectric focusing was performed for a total of5600 V-hr, and the focused gels were stored frozen at -80°C in equilibration buffer (0.065 M-Tris, pH 6.8/2% NaDodSOJ5% mercaptoethanol/10% glycerol). Prior to use for the second dimension, isoelectric focused gels were thawed and gently agitated for 1 hr. The first-dimension gels were fixed to the top of the second-dimension gels by using 1% agarose in equilibration buffer. Second-dimension gels consisted of a 4-em 4% acrylamide (acrylamide/bisacrylamide, 37:1) stacking gel and a 22-cm linear 8-18% acrylamide separating gel. Standard moAbbreviations: Tx, thyroidectomized; T3, triiodothyronine; a-GPD, aglycerophosphate dehydrogenase. 4733
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Representative two-dimensional gel electrophoresis patterns of translated products from poly(A)+RNA isolated from normal animals and Tx animals are shown in Fig. 1 (17) in that there was a substantially greater increase in the euthyroid-hyperthyroid transition state than in the hypothyroid-euthyroid transition.
In addition, several mRNA species showed a substantial decline in activity. Spot 13 decreased in the hypothyroid-euthyroid transition. We cannot be certain whether an additional decrease occurred in the euthyroid-hyperthyroid transition because the intensity of the spot in the euthyroid state is faint. In contrast, no substantial change or a slight increase occurred in spots 9 and 10 in the hypothyroid-euthyroid transition; however, a marked decrease in these spots occurred in the euthyroid-hyperthyroid transition.
Spot 15 appears to represent a unique pattern. In all seven Tx animals and four hyperthyroid animals, the spot was essentially absent. In seven euthyroid animals (three normal and four Tx given T3 at 0.3 jig/100 g) it was clearly present in increased intensity. Thus, the response pattern of spot 15 is biphasic.
The comparisons discussed are based on the changes observed between Tx animals (A) and Tx animals injected with T3 and on the assumption that a Tx animal injected with T3 at 0.3 ,g/100 g is in an approximate euthyroid state. Quantitative comparison of the normal animal illustrated (B) with the Tx-injected animals is not possible because the sample was subjected to isoelectric focusing in a separate experiment. However, the changes observed between Tx (Tx control not shown) and normal animals and the changes observed between Tx (A) and Tx injected with T3 at 0.3 jig/100 g (C) were qualitatively identical.
This comparison also suggests that intensities of spots 4, 5, 6, FIG. 1 (on preceding page) . Representative fluorograms of two-dimensional gel electrophoresis of [35S]methionine-labeled translated products of hepatic poly(A)+RNA obtained from Tx animals (A), euthyroid animals (B), Tx animals injected with T3 at 0.3 ,g/100 g (C), and Tx animals injected with T3 at 15 ,g/100 g (D). The translated products illustrated in A, C, and D were subjected to isoelectric focusing at the same time; the translated products in B were subjected to a separate isoelectric focusing in which three Tx animals and three normal animals were compared. The direction of change in spot intensity shown by the comparison of A and C was identical qualitatively to that observed between Tx control (not shown) and B. Spots 1 and 10 are doublets. Whether these doublets represent the same mRNA sequence or two separate mRNA sequences is not known. For both, the doublets appear to have a similar response pattern to T3. Two-dimensional gel electrophoresis of immunoprecipitate of translated products from a hyperthyroid animal obtained with malic enzyme antibody produced a spot at the area of spot 2. Comparison of translated products before and after immunoprecipitation with malic enzyme antibody indicates that the translated malic enzyme migrates in the second dimension with a Mr slightly smaller than that of the streak that transverses the top portion of area 2. The isoelectric focusing range was from pH 7.9 (left) to pH 4.5 (right); NaDodSO4 migration was from top to bottom, with the range 100,000-12,000 daltons displayed.
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